Abstract-It is very important for the security and development of human's aviation as well as the development of avian ecology and the prevention from avian influenza that avian could be imaged by ISAR (Inverse Synthesis Aperture Radar) with frequency-stepped chirp high-resolution radar. In the paper, a new imaging method for avian targets is proposed, by which ISAR image quality can be improved obviously. In the method, the different parts of bird's gliding spectrogram are connected and the minimum waveform entropy criterion is employed for phase compensation. The feasibility and effectiveness of the methods are proved by simulation results.
INTRODUCTION
Nowadays, it is quite significant for security and development of human's aviation that avian can be detected and monitored at real time. Radar is an important tool for observing birds' activities availably [1] [2] [3] , which is all-weather and round-the-clock effective for observing birds within air fields widely. However, with the development of modern signal processing and highspeed computer technology, it becomes a novel and important approach for the development of avian ecology and the prevention from avian influenza that avian can be imaged and identified accurately and successfully based on high-resolution ISAR imaging technology. Because of small size of birds, it needs that signals transmitted by radar with several GHz bandwidths for achieving their enough high range-resolution during their imaging. Frequency-stepped chirp signal is a kind of high-resolution range signal with some special advantages such as little instantaneous bandwidth and the virtue in synthesizing large bandwidth, and is considered as the major signal format to image for birds [4, 5] .
The bird's moving status contains gliding and flapping status [6] . Because its moving velocity is generally comparatively slow, it must fly determinate distances which are required for imaging to achieve necessary cross-range resolution during ISAR imaging. During this process, alternating changes between gliding status and flapping status would take place usually. However, the ISAR images with traditional RD algorithm [6, 7] could be contaminated due to serious micro-Doppler effects [8] [9] [10] generated by birds' flapping wings. Thus, a new method of imaging for birds is proposed in the paper, on the basis of identifying bird's moving status accurately. In the method, the different parts of bird's gliding spectrogram [6, 7] are connected without the flapping spectrogram and the minimum waveform entropy criterion is employed for phase compensation to reach focusing level optimality of ISAR image. Finally, a comparatively clear ISAR image can be achieved.
ISAR IMAGING BY FREQUENCY-STEPPED CHIRP TECHNOLOGY
Frequency-stepped chirp signal transmitted by radar is made up of a series of bursts [4, 5] . Each burst consists of a series of periodical chirp sub-pulses. The sub-pulses in a burst are all chirps with stepped carrier frequency. Suppose each burst consists of N sub-pulses, frequency-stepped size is ∆f , sub-pulse duration is T 1 , and pulse repetition interval is T r . The ith sub-pulse of a burst transmitted by the radar is
where rect(t) = 1, when −1/2 ≤ t ≤ 1/2. And f c + i∆f is the carrier frequency of ith sub-pulse, µ is chirp slope of sub-pulse. The returned signal is
where R is the distance between scatterer and radar, c is velocity of light and σ is reflection coefficient of scatterer. Suppose the reference signal is
where R 0 is the distance between reference point and radar, and T ref is the width of the pulse of reference signal. Returned signal is processed with stretching as
where
Taking Fourier Transform of Eq. (4) in terms of t and eliminating Residual
Video Phase (RVP) [6, 7] , the coarse-resolution range profile (CRRP) can be obtained as
Let ω = −4πµR ∆ /c, sample for each CRRP and take Fourier transform of them, thus we can get high-resolution range profile (HRRP) as
Hence, each one HRRP can be obtained within each one burst transmitted by radar. Suppose imaging time is T , we can obtain T /(T r · N ) HRRPs. Where, the mth HRRP can be written as
where (x, y) is the coordinate of scatterer relatively to reference point and v is the velocity of target along with cross range. |S(X, m)|, m = 1, 2, . . . , T /(T r · N ) is called spectrogram. Take Fourier transform of Eq. (7) to m, and it yields,
The peak of Eq. (9) is presented as (−2x∆f /c, −2yf c N T r v/cX c ), and it is directly proportional to (x, y). Hence, we can achieve ISAR image by simple conversion.
ISAR IMAGING FOR BIRDS BASED ON MINIMUM WAVEFORM ENTROPY CRITERION
In the following, we introduce a new imaging method for avian. The flapping spectrogram is eliminated and the latter gliding spectrogram is connected following ahead gliding spectrogram directly, on the basis of identifying bird's moving status accurately, but the steep phase change could happen. It is because the phase function corresponding to each high-resolution range cell is a continuous function in terms of slow time in the spectrogram, which can be seen from Eq. (7) and Eq. (8) . Hence, the phase compensation must be executed to reach the best focus effect of ISAR image. The minimum waveform entropy criterion can be employed for phase compensation. Suppose a waveform of a discrete signal is f (n), n = 0, 1, 2, . . . , M − 1, the waveform entropy is defined [11] as
If phase compensation is best, the value of waveform entropy of cross range signal is the minimum and focus effect of ISAR image is the best. The imaging method proposed in this paper can be carried out as follows.
Step (1) Obtain range-slow time spectrogram of bird's echoes and eliminate flapping spectrogram, on the basis of identifying bird's moving status accurately, and connect with the latter gliding spectrogram.
Step (2) From the spectrogram after connected, for each high-resolution range cell, compensate different phases θ i , i = 1, 2, . . . , N , where N is the total number of high-resolution range cell, namely, sub-pulse number in every burst.
Step (3) Take Fourier Transform of each high-resolution range cell in terms of slow time, and calculate all values of the waveform entropies of results.
Step (4) Search the phases θ * i which are compensated to achieve the minimum of waveform entropy. We consider them as the best compensating phases, and exp (jθ * i ) as the best compensating genes.
Step (5) For each high-resolution range cell, the corresponding best compensating gene is multiplied, and take Fourier Transform of compensated spectrogram in terms of slow time. The final ISAR image can be achieved.
COMPUTER SIMULATIONS
Suppose initial carrier frequency of millimeter wave radar is 94 GHz [5] , frequency-stepped size ∆f = 46.875 MHz, and each burst consists of N = 64 sub-pulses, thus synthesized bandwidth N ∆f = 3 GHz can be obtained, and high range resolution ∆ R = 0.05 m. Burst repetition interval BRI = 1/400 s. Assume a bird model shown in Fig. 1 , its moving velocity v = 20 m/s [2] , and flapping rate is 2 Hz. The distance between the target and the radar is 2 km, and the pitching angle is 60 degrees. Imaging time is 4.1489 s, where assumed that it is gliding in first 1.8 s, flapping in following 0.9 s, and gliding again in last 1.4489 s. If micro-Doppler effects generated by flapping wings are not considered, we obtain high cross range resolution ∆ C = 0.05 m. The spectrogram of bird's echoes is shown in Fig. 2 . Bird can be imaged by RD algorithm directly as shown in Fig. 3 . On the basis of identifying bird's moving status accurately, after eliminating flapping spectrogram from the whole spectrogram, we can connect the latter gliding spectrogram directly, as shown in Fig. 4 . Take Fourier Transform of the connected spectrogram to slow time without any phase compensation, we can obtain the ISAR image as shown in Fig. 5 . From Fig. 5 , we can see that the image quality is better than that in Fig. 3 , but it is still comparatively poor and not satisfied. Next, we can search the best compensating phases θ * i in [0, 2π] . And the best compensating phases responding to each highresolution range cell can be obtained, which is shown in Fig. 6 . For the connected spectrogram, after phase compensation to relative high-resolution range cell, we can achieve the final ISAR image, which is shown in Fig. 7 . For the sake of comparing ISAR image quality more clearly and conveniently, the ISAR image of bird gliding all the time during the whole imaging process is shown in Fig. 8 . Compared with Fig. 3 , it can be seen obviously that the image in Fig. 7 is much improved. And it is also suggests that the proposed method is feasible and valid.
CONCLUSIONS
It is quite important that avian can be detected, imaged and identified by ISAR with frequencystepped chirp signals. A new imaging method for avian targets is proposed in the paper, based on the continuity of slow time in range-slow time spectrogram, on the basis of identifying their moving status accurately. In the method, the different parts of bird's gliding spectrogram are connected and the minimum waveform entropy criterion is executed for phase compensation. By using this method, we can achieve a comparatively clear bird's ISAR image. The simulation results suggest that the proposed method is valid and feasible.
